Abstract: A simple and high-sensitive resistance-to-time converter is presented for interfacing resistive bridge sensors. It consists of a resistive half bridge, two current-mode Schmitt triggers, a ramp voltage integrator, and two logic gates. HSPICE simulation results with KEC CMOS 0.5 µm process exhibit a conversion sensitivity amounting to 5218.3 µs/Ω over the resistance deviation range of 0-2 Ω, and its linearity error is less than ±0.0005%. The temperature stability of the converter is less than 320 ppm/ • C in the temperature range of −25-85 • C.
Introduction
Due to their high sensitivity, resistive sensor bridges are widely employed in industrial and process control systems and medical instrumentation. In order to interface these sensors with digital systems, an accurate interface circuit converting a small change of resistance into a digital readout is required. Several circuits are available in the literature for realization of such converters. These are usually based on a Wheatstone bridge. In these converters, the resistance deviation of resistive bridge sensors is converted into its corresponding offset voltage via a Wheatstone bridge, this offset voltage in turn is converted into a frequency by various oscillator circuits [1, 2, 3, 4] , or converted into a time interval by pulse width modulators [5] or integrating converters [6, 7] . To obtain high accuracy, a precision differential integrator (or amplifier) is required in the former approach, while matched pulse width modulators or a precision differential integrator are required in the latter method.
Recently, a resistance-to-time converter based on voltage-mode Schmitt triggers whose threshold voltages are determined by the resistances of the resistive half-bridge sensors has been reported [8] . It features simple circuit configuration and good linearity in its conversion characteristics. This converter, however, has a major drawback: its conversion characteristics are sensitive to supply voltage and temperature variations since its output is not only a function of a resistance deviation but also a function of the saturation voltage of the comparator. To overcome this drawback, a modified circuit has been proposed in [9] , in which its output pulsewidth can be controlled by a ratio of dc currents. Unfortunately, this scheme has a disadvantage: it requires two additional components; two bipolar operational transconductance amplifiers (OTAs) and a reference voltage source. This makes it difficult to use the converter in implementing a 'smart sensor', which gives a digital output directly connectable to a microprocessor.
In this paper, a resistance-to-time converter with simple configuration and high stability on variations of temperature and supply voltage is presented. It consists of a ramp integrator, two current-mode CMOS Schmitt triggers with a resistive half-bridge sensors, and two logic gates. verter. It consists of a ramp voltage integrator, a resistive sensor half bridge with two sensors, two current-mode Schmitt triggers, and two logic gates. The upper Schmitt trigger is composed of an operational transconductance amplifier (OTA 1 ) and a resistive sensor R − ΔR, where ΔR represents the change in the resistance of the sensors. The lower Schmitt trigger is identical to the upper one except that a resistive sensor R + ΔR is used instead of the resistive sensor R − ΔR. The transfer characteristics of the Schmitt triggers are shown in Fig. 1 (b) and (c). It is notable that the threshold voltage V T H1 of the upper Schmitt trigger is directly proportional to the resistance of R − ΔR, whereas the threshold voltage of the lower one V T H2 is proportional to the resistance of R + ΔR. The operation principle of the R-to-T converter can be described as follows: refer to Fig. 1 (d , respectively, and v SW goes to low. The switch S is now opened after the fixed duration T 0 of the one-shot multivibrator (MV) and a new conversion process is started. Denoting t 2 the time duration for which v SMT 2 keeps L 2+ , we can write
Time interval of v OUT pulse generated from the output of the XOR gate is given by Δt = t 2 − t 1
Combining (1) and (2) and (3), one can obtain
If the OTAs are identical, I B1 = I B2 = I B and Δt is simplified to
Digital equivalent output can be obtained by counting time interval of the pulse with an external clock. (5) also indicates that the sensitivity and the resolution of the converter can be controlled by the ratio of the dc currents I B and I R . We can accurately vary the current ratio by introducing a currentsteering circuit. Note that since the output time interval of the converter is proportional to the dc current ratio, its output is less sensitive to the variations of supply voltage and temperature than those of the previous converter whose output is proportional to the dc power supply voltage [8] . The minimum detectable resistance deviation is ideally zero, but it is limited by the finite slew rate of the Schmitt trigger which determines the switching moment of the time durations t 1 and t 2 . Since it is getting longer to measure the larger resistance deviation, there is a trade-off between the conversion time and the maximum deviation.
Simulation results
In order to verify the theoretical prediction of the proposed converter, we use HSPICE for the simulation of the converter with KEC CMOS 0.5 µm process. CMOS implementation of the OTAs is shown in Fig. 2 for M 9 and M 11 ; 1000/1 for M 10 and M 12 . The current source I B for biasing the OTA was set to 80 µA. The aspect ratios of the MOS transistors used for the NOR (XOR) gate were taken as 8(4)/1 for PMOS and 2/1 NMOS, respectively. The one-shot multivibrator was constructed by using two NOR gates, a capacitor of 10 µF, and a resistor of 50 kΩ [10] . The following component values were adopted for the ramp voltage integrator: an electrolyte capacitor C = 2 µF and a constant current source I R = 5.8 µA. A cascode current mirror and a resistor of 390 kΩ were used for producing the dc current source I R . The aspect ratio of the transistors used for the current source and the switch S were 4/1. The supply voltage of the converter was V CC = +5 V. Fig. 3 (a) shows simulated time interval changes when ΔR was changed in 0.1 Ω steps from its fixed offset value of R = 350 Ω. It appears that the conversion sensitivity amounts to 5218.3 µs/Ω over the resistance deviation range of 0-2 Ω, which is about two times higher than that of the previous converter in [8] . The linearity error of the conversion characteristic is less than ±0.0005%, which is slightly lower than that of the previous converter. The temperature stability of the proposed converter measured in the temperature range of −25-85 • C is less than 320 ppm/ • C, while the temperature stability simulated with the previous converter is about 1300 ppm/ • C. One can see that the temperature stability of the proposed converter is about four times better than that of the previous converter. Fig. 3 (b) shows the time interval variation due to the power-supply voltage variation when ΔR = 0.5 Ω and ΔR = 1.5 Ω, respectively. For comparison, the previous converter was examined and the results are also plotted. It appears that the proposed converter is about five times more accurate than the previous converter at the power supply voltage of 4 V and ΔR = 1.5 Ω.
Conclusion
A new circuit which converts a resistance change in the half bridge into its equivalent time interval change has been described. The design principle and the circuit configuration are simple. Besides these, the converter features higher conversion sensitivity and time interval stability on temperature and supply voltage variations than the previous work. These advantages make the converter especially suit for implementing a 'smart sensor', which gives a digital output directly connectable to a microprocessor.
